Ternary and quaternary tungsten-based alloys were melt-spun to produce metallic glasses having high crystallization temperature and high hardness. Alloy compositions were selected based on eutectic compositions of tungsten-based binary alloys; they are W 46 Ru 37 B 17 , W 54 Rh 26 B 20 , W 56 Ir 23 B 21 , etc. In most of the alloys, ductile metallic glasses were produced. DSC measurements showed that most of the metallic glasses undergo a two-step crystallization with the onset temperature of the first crystallization being as high as 1049$1298 K. Vickers hardness values at room temperature are 13$17 GPa. The ratio of the hardness H v to Young's modulus E satisfies the general rule for metallic glasses, i. 
Introduction
Metallic glasses, i.e. amorphous alloys produced during solidification from the melt, possess various excellent properties, compared with their crystallized state, such as high strength and toughness, high corrosion resistance and good soft magnetic properties for ferromagnetic alloys. Until 1980's, however, most metallic glasses have been produced only as thin foil samples, which restricts the usefulness for application of the excellent properties of the metallic glasses, particularly of their high strength. Since the end of 1980's, Inoue et al. have succeeded in producing bulk metallic glasses with a thickness of several millimeters to a few centimeters for various multi-component alloys.
1) The synthesis of bulk metallic glasses has expanded the application fields of metallic glasses. 2) An inherent drawback of metallic glasses is that they cannot be used at high temperatures, because any metallic glass is in a non-equilibrium metastable state and must undergo phase transformation to a crystalline sate at a high temperature. The crystallization temperature is generally higher for alloys of higher melting point. Thus, metallic glasses which are based on refractory metals with high melting point are expected to have a high crystallization temperature and hence would be utilized up to a rather high temperature. Refractory metals with high cohesive energies have generally high elastic modulus and high hardness; it is established that Young's modulus E and the Vickers hardness value H V are correlated by H V ; 0:06E. 3, 4) Thus, metallic glasses based on refractory metals can have three advantages over those based on non-refractory metals, i.e. high crystallization temperature, high modulus and high hardness.
In the present study, an attempt to produce metallic glasses based on tungsten having the highest melting point among elements was made. Some of the results on a ternary alloy have been recently reported by the present authors.
5)

Experimental Procedures
Alloy selection
An investigation has been performed to produce tungstenbased metallic glasses with glass forming ability as high as possible aiming at fabricating a bulk metallic glass of thickness of the order of mm. Accordingly, ternary and quaternary tungsten based alloys were prepared in this work.
It is well established that an alloy composition yielding a deep eutectoid with a reduced melting point has generally a high glass forming ability; it has long been established that the larger is the reduced glass transition temperature defined by t g ¼ T g =T m (T g : glass transition temperature; T m : melting point), the higher is the glass forming ability.
6) Among tungsten-based binary alloys, eutectoid forms in a tungsten rich side for W-Ru (T e ¼ 2523 K at 45 at%), W-B (T e ¼ 2873 K at 27 at%) W-Os (T e ¼ 2998 K at 41 at%), W-Rh (T e ¼ 2513 K at 23 at%), W-Zr (T e ¼ 2737 K at 30 at%) and W-Re (T e ¼ 2998 K at 41 at%), where T e is the eutectic temperature.
Since there are few informations of phase diagrams of tungsten based multi-component alloys, alloy compositions of multi-component alloys which would have a low melting point by referring to eutectic compositions of binary systems were selected in the following way. The concentration of each alloy component A, B, Á Á Á in a multi-component W-A-B Á Á Á alloy has been determined so that the composition ratios of 
Specimen preparation
For producing mother alloys, high purity materials with purity better than 99.9% were used, except for B having 99.5% purity. All the mother alloys were produced by arcmelting the designated amounts of the high purity materials in an argon atmosphere. Each mother alloy was melt-spun with a single-roller melt-spinning apparatus by high frequency induction heating under an argon pressure of 10 À2 Pa. Although the melting point of the alloys was above 1773 K, a quartz nozzle was successfully employed to melt-spin the alloys. Splat-quenching was made onto a copper roller with a diameter of 250 mm rotating at around 5000 rpm.
Structure evaluation
The crystal structure of the melt-spun samples was examined by X-ray diffractometry with CuK radiation. For some samples, the structure change upon annealing was investigated with a high temperature X-ray diffractometer, K-ALPHAI(RIGAKU); samples were glued on a platinum holder with ceramic paste. For samples which showed halo pattern in the X-ray diffraction spectrum (XDS), differential scanning calorimetry (DSC) measurement was performed to determine the glass transition temperature and the crystallization temperature; the measurements were made under an argon atmosphere from the room temperature up to 1773 K at a heating rate of 0.33 K/s. Some samples were chemically analyzed with an electron probe microanalyzer (EPMA:JXA-8900).
Mechanical measurements
Ductility of samples was evaluated by bending to 180 and each sample was assigned as ductile if it did not break and as brittle if it broke.
For amorphous and ductile samples, Young's modulus was measured with a tensile test. In this method, Young's modulus was evaluated from the change of the distance of the two markers directly put on a ribbon sample which was measured accurately with an optical extensometer during tensile testing.
Micro-Vickers hardness measurements were performed by applying loads of 10, 20, 30, 50 and 100 gf at a rate of 2 gf/s on a mirror face of ribbon samples which were glued on a silicon wafer. The sizes of indentation marks were measured with a scanning electron microscope. High temperature Vickers hardness measurements were also performed for some samples with a high temperature hardness testing machine (NIKON) up to 1173 K by applying a load of 50, 100 or 200 gf for 30 s at a temperature interval of 50 K or 100 K.
Results
Formation of metallic glasses and their stability
In every alloy, the melt-span samples have a ribbon shape with a thickness of about 30 mm and a width of about 1 mm. Figure 1 shows X-ray diffraction spectra for melt-spun samples of ternary and quaternary tungsten-based alloys. The diffraction spectra show only broad halo peaks at around 2 ¼ 40 and 70 except W 44 Os 40 B 16 and W 45 Re 23 Ru 15 B 17 alloys; in the former clear crystalline peaks overlap the halo peaks and in the latter some irregularity is seen in the main halo peak but might be due to noise in the measurement. In every sample an amorphous phase is produced at least partly. In order to evaluate the quality of the produced metallic glasses, 180 bending test was performed and the results are tabulated in Table 1 . Assuming that brittleness is due to the presence of some crystalline phase which was not detected in X-ray diffraction spectrum, W 56 Ir 23 B 21 alloy may contain some crystalline phase; thus, it was concluded that except WOs-B and W-Ir-B ternary alloys, high quality amorphous sample was produced. Figure 2 shows DSC curves around crystallization temperatures obtained for as-spun samples shown in Fig. 1 . We see clear exothermic peak or peaks corresponding to crystallization process; two peaks indicate that crystallization takes place in two-steps. We defined the crystallization temperatures at the onset of the peaks and are tabulated in Table 1 . We see that the crystallization temperatures are quite high as expected. The glass transition temperature T g is generally defined in the DSC curve by the temperature below the crystallization temperature at which the slope of the exothermic DSC curve changes downwards. However, the glass transition temperature cannot be well defined in Fig. 2 , and only tentatively determined T g values for some alloys are parenthesized in the figure. In every sample, the melting point at which an endothermic peak should appear was higher than 1773 K (the maximum temperature reached by the DSC measurement) and could not be determined, and hence the reduced glass transition temperature is not known.
The results of X-ray diffraction spectra and DSC curves for W-Ru-B-Si and W-Ru-B-Hf quaternary alloys are presented in Fig. 3 and Fig. 4 , respectively. The results of the XDS and DSC measurements for these alloys are also tabulated in Table 1 . Crystallization temperatures are not much changed compared with the ternary W 46 Ru 37 B 17 alloy. Since the glass transition temperature was not well recognized, it is difficult to judge whether or not the glass forming ability is increased by Si or Hf addition.
EPMA analysis of the melt-spun ribbon samples of W-Ru-B-Hf alloys indicated that the compositions of both W and Ru were less than the nominal compositions by 0$5 at% and instead the composition of B was larger than the nominal 1000 1100 1200 1300 1400
Temperature, T /K Exothermic (arb.units) composition by several at%. However, considering a rather large scatter of the data, only the nominal compositions are shown in this paper. The observed decrease of the average concentrations by a few at% of W and Ru might be due to evaporation as oxides of W and Ru by oxidation during meltspinning process. Contamination by Si from quartz nozzle during melt-spinning process was found to be about 0.5 at%.
In the melt-spun sample of W 45 Ru 36 B 17 Hf 2 , it was found that Hf rich crystalline particles of a diameter of a few tens mm are dispersed in the matrix and the sharp diffraction peaks indicated by arrows in Fig. 3 are from the Hf rich crystalline phase.
The changes of X-ray diffraction spectrum after heating the samples of melt-spun W 46 Ru 37 B 17 alloy up to three different temperatures, 873 K (well below T x1 ), 1198 K (between T x1 and T x2 ) and 1773 K (well above crystallization peaks), at a rate of 0.33 K/s are shown in Fig. 5 . As expected from the DSC measurement no crystalline peak appears at 873 K. After the first step crystallization temperature, the produced crystalline phases are WB, WRuB 2 and an unknown phase. After heated up to 1773 K, the alloy will be in the thermal equilibrium consisting of three phases, bcc W-Ru, W 2 B and another unknown phase.
In the in-situ X-ray measurement during annealing the asquenched W-Ru-B alloy, no change was recognized in the shape of the main halo peak below 923 K. However, as shown in Fig. 6 , at 998 K a slight change of the halo peak is observed and at 1073 K some irregularities in the halo peak clearly appear, indicating structural change of the amorphous structure possibly due to partial crystallization. At 1123 K obvious splitting of the halo peak occurs. This result indicates that local crystallization begins by about 100 K below the crystallization temperature determined by the DSC measurement.
Mechanical properties
Measured Young's moduli for four samples are tabulated in Table 2 . Since Young's moduli of pure tungsten, ruthenium and boron are 410 GPa, 470 GPa and 450 GPa, respectively, Young's moduli of the present W-based metallic glasses are about 30% lower than the weighted mean of Young's moduli of constituent elements, but they are the largest values among the reported Young's moduli of metallic glasses. It is found that substitution of Si considerably reduces the Young's modulus.
The sizes of indentation marks of micro-Vickers indentation at the load of 10 gf or 20 gf were about 3 mm and 4.5 mm, respectively, which are an order smaller than the thickness of the sample, but those at the load of 100 gf were as large as one-third of the sample thickness indicating a possible effect of the substrate. Nevertheless, the measured Vickers hardness values showed no appreciable thickness dependence, and hence the Vickers hardness value for each specimen was obtained by simply averaging the measured values. The Vickers hardness values thus-obtained at room temperature for five metallic glasses are given in Table 1 together with the ratio of Vickers hardness to Young's modulus, H V =E.
Temperature dependence of the Vickers hardness values Fig. 7 . Due to the thin thickness of the samples, the data at high temperatures where the size of the indentation marks becomes as large as the thickness are not reliable and the true values may be larger than those measured. In both metallic glasses, the hardness keeps high values over 15 GPa up to 700 K and over 10 GPa up to 900 K, but then decreases rapidly at high temperatures towards a very small minimum at around the glass transition temperature.
Discussion
Glass forming ability
At first, the fact that in most of the selected alloys a high quality amorphous alloy is produced indicates that alloy design for producing multi-component metallic glass based on binary eutectic compositions between base metal and alloying elements works well.
It is known that if ÁT x (¼ T x À T g ) value is larger than 50 K, it is possible to fabricate a bulk metallic glass. 1) Unfortunately, in the present DSC measurements, T g values were only ill defined and it is impossible to evaluate correctly the glass forming ability for the present alloys. In any case, it seems necessary to tune the composition to have the highest glass forming ability for the present alloy systems.
Crystallization temperature
As was expected, the obtained crystallization temperatures of the W-based metallic glasses are quite high; they are between 1049 K and 1298 K, which are much higher than those of conventional metallic glasses such as Zr-based metallic glasses having T x % 750 K. So far, several reports have been made of the production of refractory metal-based amorphous alloys by melt-quenching and their crystallization temperature. Refractory metal-based metallic glasses having the crystallization temperature higher than 1000 K are listed in Table 3 . The highest crystallization temperatures have been reported for (Ta,W) 80 Si 10 B 10 (T x ¼ 1310$1456 K), and the present ones (T x ¼ 1049$1298 K) for W-based alloys are the next highest. As reported by Yoshitake et al., 7) the higher is the melting point of an alloy, the higher is the crystallization temperature. As mentioned previously, to get higher glass forming ability the melting point should be lower, and hence the high crystallization temperature and the high glass forming ability are in a trade-off relation and difficult to be reconciled.
Mechanical properties
No Young's modulus data are available for refractory metal-based metallic glasses; the value of 312 GPa obtained for W 46 Ru 37 B 17 metallic glass is probably the highest Young's modulus ever reported for metallic glasses. As far as the Young's modulus is concerned, Young's modulus of Ir is considerably higher than that of W, and hence higher modulus metallic glass is expected to be obtained for Ir-based alloys.
Vickers hardness values higher than 10 GPa reported for refractory metal-based metallic glasses are listed in Table 4 . The highest hardness value was reported for a Mo-based metallic glass 12) and the hardness values of the present results on W-based alloys, 13$17 GPa, are almost comparable to those of Mo-based metallic glasses and to those of brittle Wbased metallic glasses. 14) No high temperature hardness data are available for refractory metal-based metallic glass, and the present results of the hardness value higher than 10 GPa at 900 K is the highest Vickers hardness ever reported at this temperature for metallic glasses and probably even for any ductile materials.
As between the modulus and the hardness: H V =E ¼ 6:4 AE 0:5% for metal-metal system and H V =E ¼ 5:9 AE 0:7% for metalmetalloid systems. 4) The present H V =E values of 5:4$6:2% (Table 2 ) are in agreement with the previous results for metal-metalloid systems. To produce harder metallic glass, it seems necessary to use a base metal such as Ir having higher modulus than W.
Conclusion
In an attempt to produce W-based metallic glasses having high crystallization temperature and high hardness, ternary and quaternary W-based alloys were melt-spun. The compositions of the alloys have been determined based on eutectic compositions of W-based binary alloys. Results are summarized as follows.
( 
